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RPUMINIRARY P*PORM0J09 AmYsis
OP !EZ T PU8U.D3OUATION-M GI 3YMES

24 July 1952

FORWORD

This report was prepared by the Aerophysios
Development corporation under U°So Air Tores Con-
trat N=bewr AF 43(616)-3f# This is the seoond
quarterly progress report of the work eamplotel
by 10 Jly 1952 under the research and develement
contract identified by Expenditure Order So. R-467-
4 BR-1o The report Ls the second of a series to be
issued on this proeet the first having been pub-
lished on April 1, 195A, the third due on October
24, 1952, and the last and final report duo on Jan-
uary 24, 1953,

lnoluAed among those who cooperated in these
preliminary studies is J,. Bes, who worket on the
preliminary design and preliminary layouts of the
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ABSTRACT

In order to carry out a realstic performance
analysis of the pulse-det-Jet system, the configura-
tion shown in Figure 1 was assumed. The detonation
tubes are arranged in 6 concentric rows of 52 tubes
eaoh, giving an engine diameter of 34 inches. The
length of the tubes is 15 inches and the overall
length of the engine in 55 inches. The dry weight is
about 900 lbs.

In order for the engine oj operate at the maxi-
mum cycle temperature of 3500 F, the most suitable
structure was found to be an unoooled tube assembly
constructed of suitable high temperature materials.
A number of alternate systems including cooling,
were explored. It was found that air cooling requires
an abnormally large amount of fin area on the outside
of the tubes; liquid cooling requires a large radiator.
Zirconium Boride or Graphite promise to be the most
suitable materials for unoooled tube structures. Cal-
culations indicate that they are sufficiently thermal
shook resistant for the operating conditions of the
engine., Graphite coated with molybdenum disilioide
or silicon carbide, to prevent oxidation, is commercial-
ly available. Zirconium Boride is being made on a
laboratory scale and has shown outstanding performance
in small rocket nozzles.

The experimental apparatus for initiating a deto-
nation wave by means of a shook wave has been set up
and some preliminary experiments have been initiated.

This engine cohfigiration shows its reatest
promise as a eopetitor to the ram-et- I i oKR t~iver

her Mah Numbers
at an t the same
Lime, provide static thrust and po"Mwer -P1 celerate
from take-off to high supersonic cruising speed,

OM

i Z~ci



I!NTRODUCTIOV

The first quarterly progress report (Reference 1) gave
the preliminary performance for the simplified cycle of the
Pulse-Det-Jet. Relations for the specific fuel consumption,
thrust per unit area, and pounds of thrust per pound of air
per second have been calculated for subsonic flight Mach
Numbers over a wide range of pressures and temperatures. A
second series of computations was carried out, including the
inlet and duct frictional losses. The performance was com-
puted and plotted against the following parameters:

(a) L - length/diameter ratios

(b) Mo - flight V'ach 1Vumber

(o) Md  - duct Vach Number

(d) T7  - maximum cycle temperature

These first computations determined some of the critical
elements of the propulsion system. They are:

(1) The initiation of detonation

(2) The design of the valve and. timing mechanism

(3) Grouping of tubes in one unit

(4) Estimation of burning time

(5) Estimation of valve opening and closing times.

The work reported herein is a continuation of the
research reported in Reference 1.

vi
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1.1 kaioiations of the rfie

The application of the engine will determine its actual
fort and performance. It is felt that the applications of
this engine will be r.any and varied. In order to simplify tue
prelir-inary -erformr-nce estimation, a specific type .7as con-
sidered. T/iis permitted an analysis of the valve conflur.atlon,
tue valve charaoteristics, and ti,e effect of t:.e valve on tiic
performance.

PromisinC applications of tiA ei-Ine a~lpear to be ,s
follows:

1. Power Pack
Z. uided issile Power klant wits Static -' ruot

(a) Subsonic
(b) Supersonic

.. Aircraft lPowerplant
(a) Subsonic
(b) Supersonic

4. Helicopter Propulsion
5. Combustion Cawcber or ifterburner for a Trbo-Jet
C3. 3'jjner for a I'a-Jet
7. Jttionury n.-ine as an ,.uxiliary eower Plant

It was decided to conuLidor an engine capable of .,ropellin,
a "uided missile from. zero fli{nt speed to a oruisixi* &c:.,. 1umber
of 2,8O. The choice of these flight speeds does not preclude
tr.ut these are t~ie limits, but only sets down a definite applica-
tion for the ulse-Det-Jet. For :.ri other application, tLe con-
fi;2 ation ,ill have to be modified to suit trie requirements.

1.. Preliminary Desig.n Layouts

The mechanical design layouts of a t-jpical ere-ine enboOyinr
t.ae p'lsv detonation cycle had to be co.-sidereI in order to
determine that tnere were no obvious meozanical iroblems th,.at
could not be solved. The mechanical desi-in was not considered
in detail, but only generu.lly. Thiu was also necessary so
that more realistic valve characteristics could be calculated.
71.e mechnical :rouping of the tubes was also a goyerninc,
factor affectlnC the efficiency of the dl6ctarre and souven, -
inr, phases, 'As is sho;Wn in Section III, tuese preliminary
design considerations have idictted that the heat transfer
problem in the cooling of the tubes and t e whole engine is a
major one for an engine of high specific thrust, and that t!ie
most 1)ronialne solution is to construct the tubes fror, ceramic
materials or coated graphite.

1
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Consideration on the preliminary design layouts went
along hand-in-hand with the preliminary perfotnamnce calcula-
tions. 41'any designs were considered for the valves, includ-
ing flap, nutterfly, venetian blind, sleeve and rotating
plate types. At first it w s decided tnat each individual
tube have its own valve. This would be necessary when trie
tube is used to power a nelioopter rotor, but when a number
of tubes are nested in a group, tre mechanism of olerating
and timing each single valve becomes too cumbersome and com-
plicated.

It has been noted (heference 1) that short closiln.2 and
opening times are required and therefore vibratory motions
were considered for the valves. On the other hand, the
large accelerations required for opening and closing necessi-
tated the use of very heavy and cumbersome springs. The
rotating sleeve-type valve on a single tube with inlet and
discharge openings arranged in slots on the tube wall requir-
ed high rotational speeds and presented too large a bearing
surface.

The drum type valve with the tubes arranged around its
periphery and discharging through slots perpendicular to tLe
tube axes showed the most promise. This configuration was
soon discarded due to its inherent disadvantage of limiting
the arrangement of the tubes to one row. The ratio of toe
total cross sectional area of the tubes to the maximum cross
sectional area of the engine was too small (i.e. 26>).

This led to a second design configuration (See Fiture 1),
where the air flov-ed straight throughL tne tubes and eaca
valve took the form of a rotating aisc wit. cutouts. iitr.
this arrangement, up to 60;) of the maximum cross sectional
area of the engine could be utilized as ocoibustion chzamber
area.

T4e maximum tip speed of the rotating valves was set at
750 ft/sea. The cutouts in the valves were arranged so that
diametrically opposite tubes were discharging at the same
time, producing a force balance about the center line of trie
engine. Each tube cycles twice for each revolution of thie
valve. This determines the length of tite tubes to be 15
inches. The diameters of the tubes were kept as small as
possible in order to keep the cut-off timres as snort as possi-
ble.

The speed of the valve and the number of cycles for eachi
valve revolution determines the duration of a cycle. The
duration of a cycle determines the length of the detonation
tubes. For a two-cycle valve (each tube cycles twice for each
valve revolution) and a given tube length, the angle subtended
by eaoh tube determines the time required for the tube to open
and to close. The ratio of the time the tube is opening and
closing to the time the tube is fully opened determines the
amount of air that actually flows into the tube.



rCTICTED

Case (a) The lower limit of the tube lengths, for
an engine with a two-cycle valve with an
upper limit of 750 fps on t e valve tip
speed, is 15 inches.

This tube lengtf L can only be reducea by
having the tubes cycle more taan twice
for each valve revolution. jince a force
balance iu necessary about ttie center
line of the oneine, only an even number
of cycles per valve revolution can be use .

Case (b) The lower limit of tie tube lengtr s, for
an engine witi a four-cycle valve wit. ar.
upper limit of 750 fps on te valve tip
speed, is 7' inches.

For Case (a) tke ratio of the tiz.e tiLe valve is fully open
to the total tir e the valve is opened is 0.770; for Case kb'
the ratio is 6.59. The mass flow for Case ta) is 86.5, of tne
mass flow of E theoretical engine iavin - valves tV.at open and
close discontinuously, Tite mass flow for Case (b) is TJ.5; of
that of the t.eoretic ,l engine. The tarust of ti.e engine of
Case (b) is 89 J of that of t+.e tn;ine operatin,- under t,:e con-
ditions of Case (a). The engine wei .,t of Case (b) is onl, ev
of the weight of the ent-ine of Case (a). .Since only a very
slilnt c-ain is obtarneu in tiLruut/weiC1t ratio by usirzj te 7-
inch tubes, the re'uireLent of v.vInC t.:, larL-er thrust i om
the 15-inch tubes becornes more importt.nt. For maxii:ur. t:rust,
15 inct|es ij te o ,tldrni len.-ta for the tubes of this enciiie.
On tie other hand, it may oe pr'ctic~l to air cool tie s.orter
tubes and *or other applications t .is ray ae a detorminin,'
factor.

Preliminary iieat transfer calculations s.,oi taut appoDro-
mately eight times ti.e sovface area is re uire for iins on t-.e
outsiae of each tube to cool tl.e ;all to 11000 F w~ien tre maxi-
mum cycle temperature is 35000 F. This leajs to a very Ieav&
construction for eaci. tube, and it also necessitates movin- te
tubes farther apart, givlng a poor nestin arrangement. Liqui A
coolizc; re iuired a very large rai, tor tnd a large mr.ss flow of
li quid. It was deciled, t:-erefore, to consiier ceramic raterials
for tie tubes, such as stabilized zirconiu, oxide or !rap..itar.
Section III gives a complete discussion on the coolinC :r o'le; .
The allowable maximum pressure level in t;te tubes, basek. on
stress considerations, will determine tile "LxiI.uI. ch Lumber
for each altitude.

The valves, on the other hand, r,.ust be cooled &and, since
the fuel must be heated in order for it to vaporize on InIection
into the air, fuel cooling is used. on tie valves. The fuel will
be brought into a header at the front of the enine,whiere it
will be aillowed to flow spirally around, and towards t.ie rear
of,the engine. It then will be duotea t.irouhit struts to t e



axial shaft. then into the rear valve. It will then flow

forward through the shaft into the front valve and then to

the fuel nozzle$. The pressure in the fuel system will be

such that the fuel will remain in the liquid form through-
out its passage. As soon as the pressure of the fuel is
reduced upon its injection into the air stream, the fuel
will vaporize. Vaporized fuel will be necessary to support
detonation.

The source of power with which the valves are to be driven
has not been definitely decided upon. The following methods
have been considered:

1. Turbine driven by some of the exhaust gases
2. Turbine driven by the inlet gases
%. Auxiliary turbine driven by a gas generator
4. Auxiliary powerplant

The method finall.- selected will be determined partially by the
system used to govern the speed of valves. It will be necessary
to control the valve speed reasonably accurately. The calcula-
tions so far have indicated. that the valve speed is a function
of the square root of the inlet total temperature.

The solid portion of the exhaust valve is hollowed out to
permit the feed-back of the high pressure and temperature gases.
The duct in the exhaust valve is positioned such that it inter-
conneets the tubes which are at a highi pressure to tie tubes
that are ready to be ignited. In tiis way, a very strong shock
wave is formed and propogated through the fuel-air mixture.
Spot calculations show that a pressure ratio of about 4 to 5
can be obtained across the shook wave with this cruss-feed.
This cycle w.ill be investigated and reported in the next progress
report.

Figure 1 shovs an artistts conception of the engine exploded
to the main sub-assemblies.

4
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SWCTION I

PO'4FO1).11CF ANALYSIS UF P 43J1;T CONFIG UhATIOW

2.1 Cycle of Operation

The basic cycle was described in the previous progress
letter (Reference 1). The actual cycle of operation is only
slightly niodified due to finite out-off times. Figure 5 shows
the wave diagram on a time-distance plot. The ,ressure in the
tube is allowed to drop during the discharge phase to a prede-
termined value, less than the inlet ram pressure. 4hen the
inlet valve opens (start of scavenging) a compression wave is
formed which travels down the tube ucceleratin- the burnt gases
to the recuired i ach Number. The fresn fuel-air mixture is
admitted at the front end, while the burnt mixture is ejected
axially out the back.

The siock wave produced during tae pulse compression phase
will be use& to ignite or detonate the fuel air mixture.
Actually, this wtve is rel~tively weak (pressure ratio z 0.0)
and therefore an easily detonable fuel will tiave to be injeoted
into tte front end of the tubes, while the rem4inder will con-
tain the regular fuel. An alternate metod of detonating the
fuel is at present being studied, but the cycle calculations
nave not yet been completed. Briefly, this meti~od uses tae :iot
hirkh pressure gases from a tube tiirt hts been previously fired
aud ducts them back tirougk the exdaLust valve into a tube which
is ready to be fired. This produces a very strong shock (pressure
ratio : 4 or 5) and also produces a much. iUiner maximum cycle
pressure. :1owever, this full pressure is not realized for the
discuark-e, since the gases are fed buck to ignite anot.ter tube.
The first preliminary calculations show that the thrust is not
chLnged from the basic cycle and the sfeoific fuel consumption
is only slightly increased, but the advantage gained by havin :
a strong sa-ock present makes tais type of cycle preferable over
the basic cycle described previouslv'. Furtirer investigations
of tais cycle are being continued.

'.2 Vort-Jtationary Flow Process Durin the 'ischarre Iiiise

Simplified investigations were carried out on the non-
stationary flow process to determine the actual duration of a
cycle for given inlet conditions.

The following assumptioiis were mrde in order to compute
the wrive diagram for the disos.rge puase:

1. kihe exhaust valve i opened instantly
2. One-direnoional flow is considered only

(Jtrair' tt duct fore and aft of oxhaust valve)
The procedure followed for the calculations wts that given by
Zruderley in hefer.-noe 2. Tije wave diagram is sikcwn in Figure
2.
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%= particle velooity
and the conditions in state (7) are those existing in the tube
just before the exhaust valve is opene.

By the use of the above equations, the values for .Aan&,an
be found for each point on the oharaoteristic net.

The inlet valve (which is olosed) is located at position A;
the exhaust valve (which is opened) is located at position Bo
(See Figure 2). Along the inlet valve the Ccoharaoteristice are
reflected and they become the C charaoteristics and therefore ?
a at the inlet valve. For any state (L), solving the previous
equations, we get
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Figure 3 gives the vwlube of Ap/92 for eaciL point of
reflection. The nuinberin,: on efc! point on the cliaracterlstio
net is arbitrary.

For given conditions in the combuition cl,"mber just -,rior
to the diuoaarge phase and for r. :Iven presuure at the inlet valve,
the time required for discnarte dowx to t iis pressure can be found
from Figures 2 and 3. The distance A- 3 is scaled off to equal the
length of the combustion tube. Using the same sotle, the dis-
tance from the orijn to tihe correct indlex point measured along
the time axis is found. iiA number is ten divided by &7 (uaini,
consistent units) to 4Ive the time required for the pressure to
drop from P7 to Pi -t the inlet valve. The time obtained for ti.e
dischllrg e phase in thtij +ruer ciecks to witjIn 1; of tde tire com-
puted by steady flow meiothods.

Typicl ease for ALo a 2.00 T7 = 39 6 0O R
a7  2955 ft/sec Pi/P 7  u.u07

'T~ Dbioc. (.;tetay) 0*0010 sees.

1.64 ~ T D.oich. (non-jtat.) = ).00156 8eca.

Tle pressure at lte end of tie (I sc r:e pliase waill be iettrmnin-
ed by the flow velocity required for soaven-in,-. It will be ussumed!
that tiie inlet valve onen5 instantaneously. Tihe pressure r,-tio
aoross the inlet valve till oe suca that wven t e vw lye ooens P- wave
confi,-uration is formed wici accelerates tLe new fuel-air rdlxre
to 12 a 0.6. Tile pressure in front of the v:Ive is tsie t+ttl xesstre
of tdfe inlet air. P2t). 'ae wave coifilurattion for-+; I- ,, o.en-
ing of tile inlet valve is 6."O.;n on i'ure 4. "!,e v lve ij iocate(
at poil+t . The v!alve onenb at o. A tycil case

NW bv/- -A/I 04tFC

A4, ,6m#r - /030 /S z

,- .10V *

N N

-. --- 7.. I'Y,
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2,3 Wave DIaam for a CYcle

The non-stationary wave diagrams were drawn by using the
assumption of linear variations as the valves opened. The
aeceleration of the interface between the burnt and new mixtures
was assumed to take place through a compression wave having a
tressure ratio of 1.70. This strength of wave produces a flow

ash Number in the tube of 0.6. The compression wave was dvided
into five parts (or characteristics) each characteristic in-
creasing the interface velocity by 15 of the final velocity to
give a final Mach Number of 0.6 in the new mixture. The stopping
of the fluid particles and the formation of the shook wave by
the exhaust valve is computed in the same way. For these compu-
tations and for tubes of 15 inches in length, the time for con-
stant volume burning was assumed to be 0.0015 seos., for . u 2,.80.
For any of the other flight kaoh flumbers (MO), the rotutional
speed of the velve was computed from the soaverging and the pulse
compression phases of the cycles. By making the opening and clos-
ing times of the valves coincide with the arrival of the waves
in these phases, the duration of the total cycle was obtained.
This automatically determined ' ,~mx andtc , and it was found that
they very nearly coincided with the theoretical duration of the
phases. The actual time available for diso aerge was a few percent
longer than that determined by theoretical calculation. Sinoe
this would de - te final pressure in the tube after

dis go and since it menwa lower hn
that required in the tube to initiate scavenging, it was felt t-
thia would not be detrimental to the cycle of operation. At the
same IMW* thi U1140 M iiiwi1 the VO&WO tgtng 00,nwiidoxmbl. The
time available for burning, of course, varied with the valve
speed, but, since the time required for burning was only an assump-
tion, it was felt that the variation with Mach Number could be
tolerated until mare definite experimental results proved other-
wise. Therefore the physi0al valve configuration remained the

amewhile only the valve speed varied in aooordanoe to the time
of arrival of the interface of the now mxture to the exhaust
valve and the pulse compression wave., (See Figures 5 to 9),
Since these wave speeds depend on the velocity of sound of the
Incoming air, then the rotational speed of the valve depends
only on the square root of the inlet total temperature.

The wave diagrams shown on Figures 5 to 8 were omputed from
the conditions of the inoomi air and the tube lengths, usi
the method describe& above. Figure 9 shows the valve timingndia-
gaons which give the angular dimensions of the open and closed
portions,
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The duration of the cycle for sash fli,4Ot velooty was
taken from the wave diagrams (Figures 5 - flo The veloolty and
pressure of the scavenged burnt gases was computed and the
impulse obtained from this discharge was uaded to make up the
gross impulse produoed by the engine. The intake impulse was
subtraeted to give the net impulse produoed. The thrust was
obtained by dividing the net impulse by the durations of the
cycle obtained above. In calculating the thrust, the follow-
ing assumptions were made regarding diffuser efficiency:

Total Pressure Ratio Speed

1.00 0 < I^<1.095 4 .2
.65 Xo =2.80

A smooth curve was assumed between No a 1 and 2.80

The specifie fuel consumption was oomputed by means of
Figure 10. The differenee between constant volume burning and
constant pressure burning can be seen by comparing Figures 10
and 11. For the same fuel ratios, there is a smaller temperature
rise for the constant pressure curves than there is for the oon-
stant volume curves. Both of these curves were computed from
the data given in the tables and charts in References 3 and 4.
The effect of dissociation at the higher temperatures is con-
sidered in these curves.

The performance curves were ealculated for three maximum
eature (corrected for altitude): lgtSl1960VR.

9600Rtan13960OR. The actual maximum cycle temperature at anw
altitude can be found from the appropriate value of e at that
altitude. Figure 16 gives a table of the actual temperatures
for various altitudes for each of the above corrected tempera-
tures.

The maximum design preelure differential between the out-
side and the inside of the tubes is 500 psi (See Seotion III).
This maximum design pressure was reduced by a factor of 1.80
in order to take care of the instantaneous loeal high pressure
that is present immediately behind a detonation wave. In aom-
puting the design pressure differential for the tubes, it was
assumed that the maximum cyele temperatures remained below
45000F. The ambient WeOssure Is equal to the ram presseure for
each flight Mash Numbere. The maximum Mach Number for sash
altitude was computed and plotted on Figure I8 taking into
aaeount the above pressure a, d temperature limitations.

it The g coefftioient of a typical large missile is plotted
on Figure l7(a). The missile has a ground launch weight of
52000 pounds, with a wing area of 426 square feet. Figure 15

RESTmCTIf
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shows the variation of thrust coefficient of a pulse-det-jet
engine of 34-inah diameter. This engine could be scaled up
or down in sise but, for simplicity's sake, let us oonsido
the performanee attainable with four of these 34.- nes
weighing a total of about 3600 pounds. Thi W snt weight
Is about half that of bu, ; Jo-ot- with -fterburnor no
same thrust at high supersonic speeds. It will be noted
(Figure 16) that this system has sufficient exeoos thrust to
accelerate through 9 * 1 at sea l vol by operating at a maxi-
mum cycle temperature Tm a 3 0004 The maximum cruising
speed at h a 35,000 ft.ll. be f a 2.80 for Ts. Z 25400.
Sim.aw"lys at 25,000 feet altitude, this system has sufficient
thrust to accelerate throuih I : 1 and aocelerato to I * 2.80
by opersting at : 2800YF. From Figure 17 it will be noted
that the minimu I R-ght velooity at sea leveloceie at occ 0.7
for Ta x -- 350014 or 0.32 if Tx= = 2 500Mr. sosentally,
the engine is a self-aooelerating ram-Jet with a specific fuel
oonsumption of 1.8 to 2t0 at the high supersonic velocities.

The maximum croses-sectional diameter of the engine is 34
inahes, the length is 55 inches. The cross-sectional area of
the combustion tubes is 441 square inches or 51.5% of the maxi-
mum oross-sectional area of the engine. The maximum croe-
sectional area of the engine is 6.30 square feet. There are six
oontentrio rows of 32 tubes each. The diameters of the tubes3 are 2.45"1 20075", 1.75", 1*400, 1.150, 0.95" from the outer to
the inner rows respectively. The length of the tubes are 15",
The total dry weight of the engine is approximately 900 lbs.

2.5 Leakage Losses

The leak"&e losses at 'the ehAust -valve will be relatively
small. The only time the exhaust valve is closed is during the
pulse compression phase and during burning, During the omprossio
phase, the pressure is low in the tubes and, therefore very
little leakage will occur. During the burning phase, the
pressure will rise in the tubes and leakage vd.l.esour. On the
other hand, if the feedback system in used by fating the se
through a channel in the exhaust valve, the only leakage that
would occur is through the outer periphery of the val e. Also,
any leakage oround the exhaust valve is not lostas a collotion
chamber CuoN all gases released by the engine to the exit nozsle
to produce thrust. Thus it was aumed that the lose in thrust //
from this leakage is sufficiently mall to be I

The inlet valve is closed durin the burning and discharge
phases. The worst case would oeouriff the leakage losses were
directly uoted to the outside and completely lost. Actumly,
there will be an interflow from one tube to aother and the
only losses will occur at the outer edges of the l1t talve.
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The pressure surrounding the inlet valve will be very neirly
the total pressure of the incoming air, Actually, during the
latter part of the discharge phase, the leakage will be
reversed and air will flow into the tubes.

A hypothetical case under the worst conditions will have
the following assumptions:

1. The total air lost through leakage at the inlet valve
will be due to some flow during the discharge phase.

2. The leakage flow is ocmpletely lost to the atmosphere
by each individuAl tube.

3. The leakage area will be that formed at the periphery
of each tube for a valve clearance of O.OQ5".

4. The amount of flow loop due to leakage will be given
by the amount of flow disoharged at the exit multi-
plied by the ratio of leakage area to diseharge nozzle
area of each tube.

For the smallest tubes (diameter a 0.95 inches), the per-
centage of the discharged flow lost through leakage is

Area o- leakage Tr s o.95 $o.0o5 X o r J,
Area of discharge " w/4 0 o.959-

For the largest tubes (diameter = 2.45 inches), this loss
is

Area of leakage -IT x 2.45x o.00S ' o 0947;
Area of discharge -T/4 x 2.45...

The above figures indicate that 2*1 to 0.84 of the air dis-
charged 4uring the exhaust phase in lost through leakage. Since
about 70 of the total air is discharged during the exhaust phase
and since only the tubes at the periphery of the valve r -

air directly to the outside the leakage losses will amount to
only 1% of the total mass flow through the engine. Since the
assumptions used to calculate the losses are quite conservative,
it was decided that these losses could be neglected.

fir



) 310TION III

ANALYSIS OF THE DESIG OF OMBtUSTION TUBES

. Tube Struces

At the preent stage of the Pulse-Det-Jet engine design
and development, It is not known what the necessity is for high
combustion tube wall temperatures in order to minimize possible
ignition lag and provide good oonbustion efficiency. The poel-
bility exists that an unoooled tube structure may prove desirable
in order to cause a rapid eonversion of the flame ignition into
a detonation combustion wave.

Possible cooled structures were a3.alyzed simultaneou'aly with
unoooled struetures to estimate comparative advantages and dis-
advantages and optimize the theoretical design as rapidly as
possible. As volume and weight are critical and an inexpensive
structural material is desirable, the field of present possible
structural materials for an uncooled structure is very limited.
In unoooled structures, the following materials were considered:

(1) Zirconium Boride plus Nickel (Amerioan glectro Metals
Corporation)3 (2) Xetamic - LT - 1 (Haynes Stellite Div., Union Carbide
and Carbon Corporation)r) Graphite - .ZP (National Carbon Company)

4 Graphitar (The United States Graphite Company)
Stabilized Zirconium Oxide (The Norton Company)
Silicon Carbide (The Carborundum Company)

The following materials were oonsidered for possible use in cooled
structures:

(1) SA. 4130 Heat Treated
2) Stainless 19-9 DL

Haynes Alloy No. 25 (Haynes Stellite ,Division)
(4) Kentaniva K15A (Kennaaetal, Iho.)

Initial ealculations were made to determine the equilibrium
temperature of the unoeoled tube exit considering only the flow
through the tube. The looal tube heat transfer coefficients were
ealculated, using turbulent flow heat transfer formula for tubes.
(See Reference (5).

+ 1.5 r R

h a heat transfer coefficient x MU/hr/sq ft/oF
k 3 thermal oonduativity of gas x BTU/hr/ft/eF
D : tube diameter : feet

- rn'rT~I;:
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* Reynolds Nupber of flow with respect to
the tube diameter (dmenhionLoeT

Pr Prandtl Nuaber of gas (local) (dimensionless)

The most recent extrapolations of thermal oonductivity and
viscosity of air by Keyes (See Reference 6) were used.

At a maximum combustion ohamber temperature and pressure of
30000 1 and 400 psi, respeotively it was found that the equi-
librium tube wall temperature would be 27000 P. This high un-
cooled tube wall temperature results from the exhaust flow het
transfer coefficients being about twice the scavenge flow heat
transfer coefficients and from the applied durations (the seaveng-
ing portion of the engine oyole amounts to only one-third the
duration of the exhaust flow condition at the tube exit). The
unoooled, equilibrium tube wall temperature decreases along the
tube from the exit to the forward end of the tube in a fashion
-substantially proportional to the duration of hot exhaust flow
at the place involved in the tube. It was found that longitudi-
nal heat transfer through the metal or ceramio wall could be
neglected in comparison to the oonvetive surface heat transfer.
An eq ilibrium wall temperature only a few hundred degrees above
the total inlet air temperature should exist at the forward end of
the'tube.

3.2 Cooled Tube Structures

The required heat transfer in an externally air cooled tube
design for high MaOh number low altitude operation was then cal-
oulated assuming a mean tube temperature of 11000 7 and a tube
material of heat treated 4130 steel. Although an average flow
of only $ of the total air flow passing through the tubes is
required to absorb the required heat flow from the surface of the
combustion tubes (tempes ture rise of only 130 degrees in this
external air flow), the external surface area of the combustion
tubes is far too small to transfer the require& heat flow.
Designs oonsidering tube finning and special orose flows failed
by a large margin to allow external air oooling of a simple metal
tube to be considered (partioularly in the region of the tube
exits).

Regenerative fuel coo*ll of the 4130 tubes was then con-
silered. The maximum allowable wall temperature is low as
local fuel vaporization must be prevented. Under this condition,
the required heat absorption by the fuel is about three times
the quount that may be absorbed by the ftul without vaporization
at reasonably high pressuree( e, 3so psi). Reeireulation of the
fuel to an inlet air heat exehanger was not attractive on the
basis of the trapped fuel an& heat exchanger weights as well as
the large pump requirements and general design engineering com-
plexity,

Composite metal-cereals structures were considered in order
to reduce the required heat flow to an external cooling air flow,
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*A fundamental difficulty exists in the proper distribution of
stresses with large changes In operating tLmporaturo The mean
expansion of the metal tube surrounding a ceramic liner oould
be matched (at least In theory) for one temperature profile but
not for another, Enamel-type coatings appear to be temperature
limited to about 18000 F top operational temperature at the
present, and aIre oonsequently unsuitable in this application.

A structure containing both a cooled and uncooled portion
fas given some thought. As compressive strengths of many

materials are much 0eater than their tensile strength*
(particularly at high temperature), an uncooled oombustion tube
was considered to be externally pressurised by high pressure
air contained in a surrounding motal tube. The surrounding
metal tube was cooled by a small external air flow as the heat
flow to the metal from the unoooled inner tube may be shown to
be quite mall, The buekling strength of the.inner uncooled
tube was computed by formulae given by R. G, Sturn (Reference 7)
or S. Bo Batdorf (Reference $). Such a composite structure
actually gave mmn um total. tube weights, but the scheme appears
undesirable on thd'basis of the mechanioal attachment complexity
of pressurizing lines and difficulty of ensuring reasonable
stable leakproof operation on the high pressure air. In addition,
some source of high pressure air or gas is required.

Other materials considered for the proposed cooled structure
present fundamentally the same problems as in the ease of 4130.
Since it is desired to have combustion ohamber temperatures in
excess of 30000 1, improvement in the material properties at
2000 F level does not mean too much in this design.

3.2 Uncoolod Tube Structures - General

A combustion tube structure composed of unoooled tubes
capable of taking the required pressure loads at high tempera-
ture would be most desirable. A review of the material prop-
erties of unoooled tube material follows.

Zirconium Boride plus nickel appears to be the most suit-
able material except that it in presently being made on only a
laboratory seale, (Reference 9). However It is oxidation-
resistant at very high temperatures, has the oxoellent rupture
strength of 100,000 psi at 240O F. and is very thermal shook-
resistant* Rupture strength represents a combinsd offset of
compressive and tensile strengths and it may be that the
tensile strength is considerably less than the rupture strength o
However, even 20,000 psi tensile strength at 2400 ° F would be
most exeellent. The thermal conductivity of Zirconium boide
Is in the range of the alloy stools and its density in only
two-thirds that of steel. xperiments which plunge samples
heated to 47100 F into water with no material fraoture demon-
strate its excellent thermal shook proportioe More information
At being sought of American Eleotro Metals Corporation to
determine the feasibility of using Zirconium boide -ubes as the
o ombustion ducts of the Pulse-DetoJet engine. Presently lacking
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is information on its elastic modulus, expansion coefficient,
specific heat4 and creep strength data up to high temperatures.

Metamlo becomes quite weak at elevated temperatures
(LT-1 has a tensile strength of 3400 psi at about 24000 F), (See
Reference 10), and the tensile strength versus temperature
decreases in a fashion such that very little strength would be
expected at 30000 F. In addition, the thermal and mechanical
shook stability of Metamio, though better than many materials,
does not appear good enough for the rigorous conditions imposed
by this engine.

Graphite has excellent thermal shook properties, but is low
in thermal strength and oxidizes in air above 7000 F. however,
graphite increases in tensile strength and in elastic modulus
with an increase in temperature up to about 45000 F, (See Reference
(11), (12). In addition, it is known (verbal communication) that
graphite can be coated with molybdenum disilioide or silicon
carbide to form a thin oxidation-resistant coating which is
adherent over a wide temperature range. The molybdenum disili-
oide coating is less rough than the silicon carbide coating and
would probably be preferable in this applioation. A design
tensile strength of 3000 psi is considered at high temperatures
for a graphite structure similar to iBP of the National Carbon
Company. Such a structure appears theoretically feasible and is
presently considered in the design of the Pulse-Det-Jet Engine
with the possibility of Zirconium Borile tubes as an alternate
tube material. The required wall thickness to diameter and
length ratios are less than those easily available, but it is
believed thicker pieces could be molded and turned down to the
required thickness. The coatings on individual tubes and their
strength could be tested before assembly and defective tubes dis-
oarded.

Graphitar is the trade name of the U.S. Graphite Company
for their graphite-oarbon mixtures. A wide range of material
properties may be achieved, but the largest values of tensile
strength are obtained on the purest graphite samples. Lower
thermal conductivity may be obtained by the addition of carbon
with a sacrifice in thermal strength. Graphite-carbon bodies
offer no theoretical advantage for use as unoooled combustion
tubes as compared to pure graphite bodies.

Stabilized Zirconium Oxide of the Norton Company (heference
13) apparently has many desirable properties for use at high
temperatures, but it is highly dubious that it is sufficiently
thermal shook resistant as its thermal conductivity and specific
heat are low.

Silicon Carbide has an excellent thermal conduotiyity, but
its modulus of rupture is only 800 to 3125 psi at 2460 F
(Reference 14), so that thick walls must be used in such pro-
posed combustion ducts*

ISTRI CTD
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3e3 TheMal Shook Considerations

As thermal shook properties often appear to be oritical
in the design of the unooled oombustion uboes for the Pulse-
Dot-Jet engine, a review was made of existing thermal shock
or stress theory. A recent article by C. I. Cheng (Reference
15) shows good oorrelation between theory and experiment con-
earning the thermal shook failure of flat plates. Timoshen:o
(Reference 16) gives a thermal stress analysis for tubes as
well as flat plates that loes not analyze in detail the temper4-
ture gradientq that result as a consequence of the resistance
factor (R a khb), as shown by Cheng, but formulates the ther-
mal stress equation to allow the determination of stresses for
any assumed or calculated temperature gradient. Now transient
heat transfer charts (Reference 17) allow tue temperature pro-
file in a material to be determined readily so than an approxi-
mate conservative temperature difference is obtained for use
in Timoahenko's formula for thin wall tubes:

T' = thermal stress = psi

cc E AT 0 = thermal expansion coefficient
2 (1 - V) in•hes/inch/ 0 p

E : :odulus of Elasticlty psi

AT : Temperature differertce OF

7r = Poisson's Ratio = dimensionless

The tube tensile strength at the local temperature must be
greater than the thermal stress to prevent fracture.

rigure 19 gives representative temperature aid stress pro-
files in an uncooled tube wall as determined by tie flight
condition. It may be perceived that the most critical thermal
stress will exist in a tube wall at the cessation of comust ton
at the highest flidit speed and lovest altitude. The thicker
the tube wall, the larger may be the maximum internal tube
pressure, as given by the conventional Iioop stress formula for
thin tubes:

r: tensile stress : psi

r P r tube radius = inches

t : tube thickness = inches

p pressure diff',rential across tube
wall : psi

16R1TgW~
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Kowever, the thicker the tube wall, the reater will be the
temperattur'e differenoeA upon starting and stopping oombus-

tion with resulting greater thermal stresses. Upon cessation

of oombustion in an uncooled tube, the outer tube fibers at

high temperature are put into oomprassion as the inner tube

fibers 'seek to oontraot upon cooling and are prevented because

of afherenoe to the outer tube fibers, Thus the inner tube
fibers are put into tension at an initially higq temperature.
Upon heating the tubes initially by, the combustion, the inner

tube fibers are put into ocompression, the initially cold outer

tube fibers in tension. The differenoe in the material tempera-

ture level should make the cessation of combustion case the most

oritioal*

Figure 20 summarizes available information on vurious high

temperature materials. It is obvious that more information is

required to accurately evaluate combustion tube material on a

theoretical basis as to thermal stressing. However, using this

information and making eduoated guesses of the unknown quantities,
the calculation of approximate required tube thickness and thermal

stress as a stringent cooling requirement is allowed. The results

of these oaleulationa are presented in Figure 21. Churts for

transient heat transfer in flat plates were used to determine the

maximum thermal stress in the tube wall. (See Aeferenoe 17).

For the present wall thickness to diameter ratios used, this is

a gooa approximation The temperature profile versus radius was

then plotted an& the temperature differenoe obtained. Timosi.enko's

formula was then used to obtain the maximum stresses (Reference 16).

It is believed that the calculations are conservative, even by a

factor of two, as some material variations in specific heat and

thermal oonductivity with temperature have been neglecte as well

as the easing of local temperature gradients caused by preheating
of boundary layer air by the preoeedi.# tube areas and an inter-

mittent air flow (flow occurs only 5Q,' of the time, whereas steady
state flow has been assumed in the thermal stress 9aloulation).
From Figure 18, It is peroeived that only graphite or Zirconium

Betide plus nickel may be considered in this application on the

basis of the thermal shook calculations. Thermal shook caloula-
tions for silicon oarbide, Letamic LT-1 and Kentanium K-151A were

not made, as their properties at 3000o are not sufficiently

good to warrant serious consideration.
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( SECTION IV

WEPRI-iTS ON DETONATION

4.1 Experimental DDaratus

A shook tube has been set up in whioh the detonation
of fuel/air mixtures by means of shook waves can be investi-
gated. A simple layout sketch of tue apparatus is shown inPigue 22. This tube in enclosed in a 4-,inoh piLpe casingfor safety precautions. The right end of the detonation

tube is left open and a window in the 4-inch casing makes
it possible to observe the open end of the detonation tube.
Pressures up to 100 psi gage have been used in the copress-
Ion chamber. 91ith this pressure,when the cellophane dia-
phrae brezks,a shook wave having a pressure ratio of 2.40
is propogated through the detonation tube. The detonation
tube is filled wtith the fuel/air mixture and the observation
of a flash at the open end of the detonation tube will indi-
cate that a detonation wave has been initiated by the shook
wave.

The results of these experiments will be reported In the
next progress letter.

("
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